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" 4 ; ^ Summary  - A latitudinal  profile  of  the  mean  geostrophic  deviation 

\7  computed  from  surface  and  low  level  wind  data  and  surface  pressure 
f ' -gradients.  The  resulting  geostrophic  deviation  is  discussed  in  terms 
~»„_of  the  equations  of  motion. 


In  the  meteorological  literature  the  question  arises  perpetually 
to  what  extent  the  geostrophic  wind-  speed  Is  a valid  approximation  to 
the  true  wind  speed  in  low  latitudes.  This  study  attempts  to  establish 
the  mean  magnitude  of  the  departure  of  the  actual  wind  speed  from  the 
geostrophic  by  considering  low  level  data  over  the  oceans. 

Direct  comparison  of  the  wind  at  the  top  of  the  layer  of  surface 
frictional  influence  with  the  geostrophic  wind  speed  at  that  level  was 
not  pos'.ible.  Instead,  this  study  has  been  carried  out  by  (a)  comparing 
the  2000  ft  wind  tpsed  at  low  latitude  stations  with  the  geostrophio 
indicated  by  the  sea  level  Isobars  and  (b)  by  comparing  the  geostrophio 
speed  with  a "corrected"  wind  speed  obtained  by  adding  to  the  surface 
wind  a factor  to  compensate  for  friotion. 

Only  the- total  wind  speed  has  been  used  in  the  quantitative  treat- 
nasnt  of  the  data.  However,  in  reasoning  from  the  results  certain  con- 
clusions are  reached  in  regard  to  the  relation  between  the  actual  and 
geostrophio  wind  directions.  Observational  studies  have  indicated  that 
the  angular  turning  near  the  surface  is  quite  small  over  the  oceans  when- 
ever the  lapse  rate,  i=!  steep.  Siehl  and  oollab,  |jfJ  found  the  mean  an- 
gular turning  in  the  northeast  trades  of  the  East  Paoifio  to  be  less 
than  5°  in  the  lowest  iOOO  ft.  further,  Gordon  'XPJ  found  the  mean  angu- 
lar turning  between  the  surface  and  2000  ft  in  the  North  Atlantis,  60° 
to  60° N,  to  be  less  than  P°  whenever- the  lapse  rate  naor  the  dry 
adiabatic.  In  view  of  the  nearly^  dry  adiabatic  lepea  rates  near  the 
surface  over  the  tropical  and  subtropical  oceans  in  the  mean,  near  Eero 
hori rental  temperature  gradients  end  arm II  changes  of  wind  direotiou  with 
height  appear-  quite  reasonable* 

Comparison  of  2000  ft  winds  With  the  geostrophio 

lina  data  from  jjfjnasr  -2i*e -latitude  Island  stations  nave  been  us9d  to 
compute  the  deviation  of  the  2C|>0  ft  speed  fro®  the  geostrophic.  Those 
wind  data  and  the  surface  lecheries  spacing  have  been  taken  from  the  North- 
ern Hemisphere  Synoptic  leather  SSaps  ^ 3j  fer  the  period  September  1S49 
through  January  19SC,  A-dad  stedly,  the  surface  isobars  cannot  be  drawn 
over  the  ooeana  with  smoh  aoouraey.  However,  averages  ever  a large  num- 
ber of  oases  should  tend  to  eliminate  the  effect  of  errors  of  this  typo, 

So  «*l*ot-ion  was  sad*  on  the  type  of  surface  Asobario  curvature  but  due 
to  the  location  of  the  stations  slight  anti'-yolcnia  curvature  prevailed 


is  the  most  ca*««  • ^ixas^  tcrreetien  for  curwature  would  have  resulted 
la  * gradient  wind  slightly  greater  than  tii»  geoairephie - 


The  seen  03Z  wind  spaed  at  the  2000  ft  level  (cgQQQ),  the  mean 
reostrophis  speed  and  the  mean  gecatrophie  departure  (e_  - 02000) 

are  shown  for  the  four  stations  in  the  tails  below.-®- 


Station 

Let. 

"1  5 of  reports 

°200o(=?a) 

off{mps) 

0 

°g  ~ °2000 

Bermadft 

32CN 

55 

8.4 

9.6 

1.2 

«!aJce 

19°N 

72 

8.1 

10.6 

2.5 

Johnston 

1?°N 

88 

10.0 

14.2 

4.2 

Guam 

1S°K 

61 

7.9 

13.1 

5.2 

These  data  indicate  that  the  geos trophic  departure  increases  equator- 
ward  and  at  the  lower  latitudes  reaches  a value  quite  large  In  comparison 
with  the  mean  wind. 


This  computed  departure  can  be  identified  with  the  true  geostrophio 
departure ..only  if  it  is  assumed  that  the  pressure  gradient  remains  un- 
changed between  the  Lurfaoo  and  2000  ft.  The  validity  of  this  assumption 
has  been  cheeked  by  computing  from  the  geostrophio  thermal  wind  equation, 
the  increase  or  decrease  of  the  zonal  wind  between  the  surface  and  2000  ft 
which  can  be  attributed  to  the  mean  latitudinal  temperature  gradient.  For 
this  calculation  the  thermal  wind  equation  has_been  written 

Aa"Hf  &+ff  rP*2 

where  Ail  is  the  increment  to  be  applied  to  lie,  the  zonal  component  of  the 
mean  surface  winds'll  is  the  surface  temperature;  f is  the  mean  temperature 
between  the  surface  and  2000  ft;T  is  the  floriolis  parameter  and  .9  is  the 
acceleration  -f  gravi  ty,  has  been  taken  as  2000  ft  and  as  the  dry 

adiabatic  rate  sin^e  this  calculation  is  made  in  the  mixed  "auboloud" 
layer  m.  The  mean  latitudinal  temperature  gradients  over  the  Atlantia 
and  Pacific  Oceans  were  determined  for  September  and  November  from  the 
Atlas  of  Climatic  Charts  of  the  Oceans  £5J.  The  decrease  of  the  zonal 
component  between  the  surface  and  2000  ft  in  mps  which  can  be  attributed 
to  the  thermal  wind  is  shown  in  the  following  tablet 


Lat* 

September 

November 

10°N 

-0.4 

0 

lr°2i 

0.1 

0.3 

20°  » 

0.4 

1.2 

25eS 

0.4 

1.1 

30®N 

0.5 

1.2 

These  value* 

cannot  be  taken  as 

strictly  cru-raot  .since  the  appli- 

cation  of  dynamic  equations  to  mean  data  is  always  open  to  question. 
Soever,  thr  rrdar  of  magnitude  oan  hardly  be  doubted.  geostrophio 

departure  shown  by  the  table  above  increases  south  of  HO  if,  whereas 
the  thermal  contribution  apps*raoh*a  »,ero  at  theso  latitudes.  Only  in 
the  latitude*  north  of  2053f  where  the  geostrophio  departure  ia  quite 
email  is  this  «■  «spute-  *-«y¥nsel  centribution  cf  the  same  order  of  magni- 
tude as  the  geesirophi * departure*  Thu*  the  change  of  pressure  gradient 


^ The 3 5 rwifUita  should  nut  be  affected  eppreciably  by  a diurnal  vari- 
ation in  the  low  level  wind  speed  since  compensating  changes  in  the  pressure 
gradient  would  »**  evpseted* 


through  the  friotionai  layer  due  to  the  Kean  latitudinal  temperature  gradient 
cannot  be  considered  of  primary  significance  in  explaining  any  deviation  from 
geostrophio  balance  in  lew  latitudes. 

Comparison  of  "corrected"  surface  winds  with  the  geostrophio 

Wind  data  are  available  from  only  a limited  number  of  low  latitude  stations. 
At  many  of  these,  local  wind  systems  due  to  orography  and  surfaoe  heating  may  be 
such  as  to  distort  the  low  level  flow.  Consequently,  this  study  has  been  extended 
by  comparing  "corrected11  surface  winds  with  the  geostrophio. 

The  mean  inorease  of  -the  wind  speed  from  the  surfaoe  to  the  top  cf  the 
friotion  layer  oomputed  by  Riehl  and  oollab,  from  several  months  of 

weather  ship  pibal  observations  in  the  trade  wind  belt  of  the  east  Paoifio 
Ocean  was  found  to  be,  at  most, 40  per  oent  of  the  surface  wind.  This  is 
in  agreement  with  a study  by  Gordon  £6)  for  the  North  Atlantic,  Mean 
ratios  of  the  surface  and  1 km  wind  computed  from  wind  reoords  of  several 
lorn  latitude  ship  stations  for  the  fall  and  winter  of  1945-46  are  shown  in  the 
table  below. 


Ship  Stations 

dumber  of1 
Observations 

Mean  Ratio 
1 km  to  sfe  wind 

27°N  - 125°W 

43 

1.1 

26°N  “ 149°W 

30 

1.3 

22°H  - 134°E 

115 

1,2 

18°br  - 165°E 

29 

1.2 

17°N  - 130 °E 

20 

1.1 

1 >N  - 154°E 

41 

1.2 

In  addition  to  indicating  ratios,  less  than  3.4.  in  agreement  with  Riehl  and 
Collab.  and  Gordon,  these  data  shew  that  any  latitudinal  variation  in  the  ratio 
must  be  rather  inaigni f leant , The  near  dry  adiabatic  low  level  lapse  rates  whioh 
arc  in  gsnsPsx  present  over  the  tropical  and  subtropioal  oceans  contribute  to  the 
constancy  of  this  ratio. 

On  the  basis  of  the  evidence  presented  above  it  appears  that  over  the  ooeans 
multiplication  of  the  surface  wind  speed  by  1,4  should  give  a value  in  the  mean 
larger  than  the  mean  observed  wind  in  the  region  of  2000-3000  ft.  Thus  the 
comparison  of  geostrophio  and  observed  -Kinds  was  extended  by  using  a corrected 
wind  (oc)s  which  was  obtained  by  multiplying  the  surfaoe  wind  by  1,4,  and  the 
geostrophio  wind  (Og)  which  was  determined  from  the  sea  level  isobars.  Only 
at  those  times  when  the  pressure  gradient  was  well-defined  oould  the  geostrophio 
wind  be  determined.  Consequently,  the  wind  values  throughout  this  study  are  some- 
above  the  average  for  the  respective  latitudes. 

The  statistical  sample  for  this  study  was  obtained  from  the  Horthern  Hemi- 
sphere Synoptio  Weather  Map#  (3),  C^3*  ^ sample  of  about  1400  observations  was 

taken  from  the  Atlantic  and  Paoifio  Ooeans  between  7 'N  and  38°N  from  the  periods 
Ootober  1946  to  January  1946  and  January  to  Aoril  1949.  The  reports  were  from 
moving  ships,  stationary  ship  stations,  and  small  atolls  , 


? 

Sinoe  conditions  over  the  low  l&tituce  oceans  are  quasi-barotropio  in  a 
rather  deep  layer,  mean  speeds  lathe  region  2000^4000  ft  can  be  considered 
essentially  those  at  the  top  of  tne  friction,  layer,  the  mean  depth  of  which  is 
nut  known. 


such.  a*  Johnston  and  Kwa^aleir . Saport*  from  larger  island  groups  suoh  &a 
the  Philippines  and  tho  jbatliles  were  not  used*  The  wind  reports  used  ware 
lcuatad  la  well-defined  pressure  patterns  with  slight  antieyelonio  or 
seglible  curvature* 

For  eaoh  mind  report  ?.  P ag  and  s,  *•  o0  were  determined.  These  were 
grouped  In  belts  of  4°  latitude  width  and  mean  values  were  calculated*  The 
prlnejpal  results  are  shown  by  figures  1 and  2*  Since  the  1*4  factor  in 
general  gives  a corrected  wind  greater  than  the  actual  and  since  the  anti- 
eyclcnio  curvature  hac  not  been  corrected  for,  the  computed  geoetrophio 
departure,  cg  - oc,  should  represent  a minimum  value  of  the  actual  departure* 

The  eomput*d°ge©strophic  departure  approaches  sere  near  30^S  (Fig*  2)  and 
iuSr»»iS3  both  northward  and  southward*  South,  of  30°B  the  increase  follows 
a smooth  curve  and  reaohea  a departure  cf  about -10  mps  near  10°N*  The  increase 
of  thermal  stab  ill  tv  ®»y  account  for  the  increase  of  the  geostrophis  departure 
north  of  SO°S  (of  * L4J). 

The  gaostrophio  departure  expressed  as  a percentage  of  the  corrected  wind 
is  shewn  in  figure  3*  Since  tho  corrected  wind  is  near  10  at  all  latitudes, 

the  abape  of  figure  3 is  not  essentially  different  from  figure  20  South  of 
15C1  the  depart ur * is  greeter  than  60  per  cent  of  oc  and  south  of  ICCN  the 
departure  exceeds  cQ  by  more  than  100  per  cento 

The  table  below  shows  that  the  departures  read  from  the  curve  of 
figure  2 ag-ee  closely  with  those  computed  for  the  four  stations  in  the 
previous  section* 


8tation 

°g  *-  ®20C0 

L&t  • 

°g  “ °(S 

(from  Fig*  2} 

Bermuda 

1*2  mps 

32°S 

1*0  up* 

Wake 

2*5 

19°N 

2*4 

•I  ohns  ton 

4,2 

17°S 

3*9 

Quern 

5*2 

13°B 

6*0 

Both  set*  of  data  pres  anted  above  indicate  that  the  deviation  of  sh# 
actual  wind  speed  from  the  gaostrophio  bee  anew  progressively  larger  with 
decreasing  latitu.de*  Further,  the  oloae  agreement  b* tween  +>.«se  independent 
calculation*  lead*  to  greeter  confidence  in  the  accuracy  of  figure  2. 

It  might  appear  that  the  very  large  departures  south  of  15°5  could 
be  biased  by  the  fact  that  analysis  errors  which  tended  to  crowd  the  Ihobara 
would  be  more  likely  then  those  in  the  opposite  sense*  This  would  appear 
particularly  likely  since  the  pressure  gradient*  are  week  and  since  this 
latitude  son*  1*  near  the  s^uatorwerd  limit  of.  th*  analysis.  However,  the 
following  -oheck  did  not  reveal  any  bias  in  this  sense*  Th*  mean  gsostrcphlc 
departure  was  computed  from  Horthem  Hami sphere. JSynoptio  Map.*  £ &*  above, 
for  June  wni  Ju'y_l5ss  in  the  region  of  she  Marshall  Islands*  During  this 
period  the  low  latitude  -data  in  that  nrea  were  greatly  increased,  duetto  the 
atomic  bomb  tests  at  Bikini,  and  the  pressure  analysis  should  have  bean  more 
~.-«l  i *ble«  The  xaetn  gaostrophio  departure  computed  from  bw  imports  curing 


6- 


thaae  two  months  at  ll'*120N  waa  7.3  raps,  oompared  to  about  7*5  mpa  from 
figure  2. 

Figure  4 shows  th*  percentage  of  reports  in  eaoh  latitude  belt  in 
whioh  the  geostrophic  was  greater  than  the  correoted  wind*  Practioally  all 
reports  in  the  lowest  latitudes  show  Og>ca  while  near  30°N,  oQ  is  nearly 
equally  distributed  above  and  below  c_  • The  oomputed  departure  oannot  be 
applied  to  individual  wind  reports  with  any  degree  of  oonfidenoe  since  at 
any  time  the  change  of  wind  speed  through  the  friction  layer  may  deviate 
appreciably  from  the  40  per  cent  inoreaae  used  in  this  study  and  sinae  the 
geostrophic  wind  usually  oannot  be  determined  with  any  degree  of  aoouraoy. 
However,  figure  4 shows  that  in  over  90  per  cent  of  the  oases  south  of  16°N 
latitude  it  should  be  expeoted  that  the  geostrophio  wind  would  be  an  over- 
estimate and  that  in  the  mean  the  deviation  of  the  geostrophio  from  the 
actual  would  be  at  least  as  large  as  that  shown  by  figure  2. 


Implications 


It  is  logioai  to  question  whether  the  large  geostrophic  depa' tures  shown 
by  figure  2 are  physioally  realistio  and  can  be  interpreted  in  terms  of  the 
horiront&l  equation*  jf  motion.  The  equations  of  motion  in  a natural 
ooordinate  system  s,  n oan  be  written: 


(1) 


dt 


(2)  0 


i rp 

•■■mm 

f>  9$ 

J_  3£ 
p an 


where  s and  n are  oriented  along  and  normal  to  the  streamlines,  respectively, 
as  shown  in  figure  5.  p is  the  surface  friotional  force  assumed  to  be 
oppositoly  direoted  to  the  wind  velocity  C , f is  density,  -f  is  the 
Coriolis  parameter,  is  pressure  and  R is  the  radius  of  ourvature  of  the 
trajeotories.  R is  taJcen  positive  for  antioyolonio  ourvature. 


It  will  be  assumed  that  nan  circulation  patterns  in  the  northeast 
trades,  suoh  as  ohown  in  figure  o,  are  sufficiently  steady  state  bo  that 
-.e  above  equations  can  be  applied  for  order  of  magnitude  oalcslatiuns. 
Firct,  if  we  oonslder  the  balance  of  forces  along  the  streamlines  using 
(l),  this  equation  oan  be  written: 


(3) 


L 22 
r as 


,inoe  Ji 

mini  mum  treed. 


in  the  mean  pattern.  Further, 
for  example  point  A figure  5, 


at  points 
90  _ 

9S  ~ 


of  maximum  and 
and  (3)  can  be 


re- 


written s 

(4)  - f ff  ->  = o .r  fc,„-r=0 

wherw  is  the  component  of  -the  geostrophic  wind  normal  to  the  stream- 

lines* Clearly,  at  the  points  where  (4)  is  satisfied  a balance  of  forces 
can  be  effected  only  when  the  streamlines  hare  a component  toward  lower 
pressure,  Equatorward  from  the  meriiimm  *y<C  and  the  magnitude  of 

decreases  provided  ths  magnitude  of  f remains  constant  or  decreases, 
Hotsver,  the  oomponent  of  geostrophic  wind  normal  to  the  streamlines 
may  increase  equatorward  provided  the  decrease  in  the  magnitude  of  C — p“ 
is  over-compensated  for  by  the  decrease  off , 

If  we  now  consioer  the  forces  acting  normal  to  the  streamlines  in  the 
antioylanic orse,  such  as  shown  in  figure  5,  (2)  may  be  written* 

(6)  * j -o 

where  is  the  component  of  the  geostrophic  wind  along  the  streamlines. 

It  should  be  noted  that  a balance  of  forces  is  not  possible  in  the  oase  of 
anticylonio  ourvature  if  Cjj  >■  C . In  the  balanced  oase  Cjg  * C.g  c-**- 
where  <*C  is  the  angle  between  streamlines  and  isobars.  Thus  the  angle 
of  cross  isobario  flow  can  be  computed  if  -a  „ c and  the  ourvature  are  known. 
If  w*  choose  the  oase  of  straight  flow,  ft  » «#r  then 


(6)  »<  » O"  0 J 

Using  values  of  c and  c from 
several  latitudes! 


w5W 


nave  dbou  commuted  for 


'9» 


Labibud* 


26°S 

23° 

3.9  mps 

2G°K 

38° 

6.6 

1 705°N 

45° 

6.7 

lw°N 

480 

7*2 

10°H 

81° 

6 .? 

From  the  reasoning  carried  out  with  the  balance  of  forces  along  ths  stream- 
lines, this  crocs  isobaric  flow  is  necessarily  directed  toward  lower 
pressure,  Addition  of  a ourvature  term  to~i"6)  would  Increase  the  angle 
£■?  outflow  in  the  oase  of  antlcyelonir-  «urv*ture  and  decrease  it  for 
cyclonic  curvature. 

In  the  disoussion  above  the  angular  turning  of  the  wind  with  height 
has  beeo  negleoted*  Presumably , vertical  mixing  should  contribute  to  a 
friotienal  tern  with  a component  normal  to  the  wind  direction  at  the  level 
in  question  whenever  a systematic  turning  with  height  is  present.  If 
the  wi~d  veers  with  neight,  addition  of  a normal  frictional  term  to  .(5) 


would  ponait  a mealier  angle  of  outflow  for  & given  geoytrophlo  departure. 
However,  as  diecueeed  above,  observational  rtudloa  [ij  hav*  shown  tha 
angular  turning  in  tbs  “subcloud*  layer  to  ba  quite  small.  Consequently, 
tha  angle  of  outflow  would  net  ba  substantially  changed  by  introduoing  a 
normal  friotioual  tarn* 

Admittedly , the  oalculaticns  carried  out  in  this  section  have  been  rery 
rough  but  they  have  shown  that  mean  geoatrophio  departures  of  the  magnitude 
shown  by  figure  9.  can  be  aooounted  for  in  the  simplified  aquations  of  motion 
only  by  Introducing  large  ores*  ltobtrie  flow.  The  mean  streamline  and 
isobario  patterns  do  interseet  at  rather  large  angles  orer  the  tropioal 
and  aubtropioal  oceans*  For  instaaoe*  the  naan  etreaalines  end  ieobara 
for  the  East  Pacific  (Fig?  6)  shcrr  that  the  angle  of  outflow  in  many  eases 
ic  at  large  as  shown  in  the  table  above.  Perhaps  of  more  significance  than 
showing  the  nagnitude  of  the  angle  of  outflow*  these  oaloulationa  have 
indloated  that  the  difficulties  cf  using  and  interpreting  the  geostrophio 
wind  equation  south  of  about  20°S  become  very  great. 
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ig.  1.  Latitudinal  profile*  of  the 
oorreeted*  eurfaee  wind  (left  ourre) 
and  aeen  geoetrophio  wind  (right  curve). 


rig.  2.  Latitudinal  profile  of  the 
a*aa  geoetrophio  departure  rep relenting 
the  difference  between  the  two  eurree  of 
figure  1. 
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Fig.  3.  Profile  of  the  nean  geoetrophio 
departure  expreised  in  percentage  of  the 
"oorreoted"  wind. 


Fig,  4,  Percentage  of  individual 
reports  showing  tha  gecstrophlo  wind 
graatar  than  tha  "oorreoted"  wind  aa 
a funotlon  of  latituda. 


Fig*  5,  Kean  wind  chart  for  a portion 
of  tha  laat  Paoifio  Ooaan  for  July,  8olid 
llnaa  ara  laotaoha  in  Baaufort  foroa,  dashed 
linas  ara  streamlines  (Adapted  from  5 ), 
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Fig,  6»  Mean  streamlines  (solid)  and  mean  isobars 
(dashed^  for  a portion  of  the  Sast  Paoifio  Ocean  for  July,  j 

i 


l 


